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Abstract 
We report on the development of a distributed fibre optic monitoring system for detection of strain and temperature along single-
mode fibres. The system is based on the Brillouin optical-fibre frequency-domain analysis (BOFDA). In order to bring down 
costs of the measuring device, the sideband technique has been implemented for the BOFDA analysis. The use of only one low-
cost DFB laser has eliminated the effects of any frequency drift and therefore no tunable laser source has been demanded. We 
present a BOFDA setup offers digital filtering for enhancement of the dynamic range [1]. 
 
Keywords: BOFDA; sideband technique;  fibre optic sensors; distributed Brillouin sensors; stimulated Brillouin scattering; nonlinear optics 
1. Introduction 
Distributed strain and temperature measurements using Stimulated Brillouin Scattering (SBS) play an important role 
in structural health monitoring. Several systems working in the time domain (BOTDA) are commercially available 
and perform monitoring tasks on pipelines, bridges, dams and other structures. These monitoring systems record a 
spatially resolved profile of strain and temperature along an optical fibre over several kilometers with a spatial 
resolution down to 0.5 m.  
In this paper, we present a low-cost development of a BOFDA system especially designed for the application in 
flood protection in case of river dikes. This defines the required measurement range of 5 km and the spatial 
resolution of 5 m for the BOFDA system to detect critical soil displacement in a dike body.   
2. Sideband technique 
In the method of BOFDA the light of the pump laser is modulated in amplitude by an electro-optical modulator 
(EOM) with a variable modulation frequency fm. The continuous light wave of the counterpropagating Stokes signal 
is amplified and modulated in amplitude by interaction with the sinusoidal pump wave. Both signals are fed to a 
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 vector network analyzer (VNA), which calculates the complex transfer function by comparing both optical signals in 
amplitude and phase. This transfer function is converted into the pulse response of the sensor fibre by an inverse fast 
Fourier transform (IFFT), which gives the distribution of temperature and strain along the fibre [2].  
Looking for a low-cost solution for the BOFDA system, the sideband technique [3] has been implemented for the 
Brillouin optical frequency-domain analysis. This approach is given in Figure 1.    
2.1. Experimental setup 
In the approach shown in Figure 1 the light wave at the frequency ν0 is first unequally split by a coupler. The 
low-intensity beam (Stokes signal) is launched into an electro-optical modulator (EOM 2), applied to modulate the 
frequency, while the high-intensity beam (pump signal) is coupled into fibre under test (FUT). By sweeping the 
modulation frequency fm in the spectral range of the Brillouin frequency shift fB, the BGS can be measured [3]. For 
this purpose the carrier wave of the modulated low-intensity beam is to suppress by properly setting the dc bias on 
the EOM 2. Since the intensity of the first upper sideband at the frequency ν0+fm is very low, its interaction with the 
pump wave in the fibre can be fully neglected. By contrast, the pump wave ν0 amplifies the first lower sideband    
ν0-fm, (Stokes signal). 
 
Fig. 1. Laboratory setup for the Brillouin optical frequency-domain analysis using the sideband technique. EDFA: Erbium Doped 
Fibre Amplifier; FUT: Fibre under test; VNA: Vector network analyzer; PC: Polarisation control (scrambler); EOM: Electro-
optical modulator; PD: Photodiode; OI: Optical isolator.  
2.2.  Generation of the pump and the Stokes signals  
The integrated LiNBO3 electro-optical modulators are key elements to form the pump and Stokes signal. The 
optimum working point on the modulators’ transfer function can be set using the DC bias input. For the EOM 1 the 
so-called 3 dB point in the middle between maximal and minimal transmission should be chosen to operate in a 
linear range without change of the modulated pump signal.  The suppression of the carrier wave in the frequency 
spectrum of the Stokes wave results from the setting the working point of the EOM 2 on the minimum of the 
transfer function.   
The bias voltage should be controlled during measurement, especially for EOM2 to avoid reconstruction of the 
suppressed carrier wave in the Stokes branch, which could lead to distortion of the optical signal due to effects like 
four-wave mixing. 
2.3. Digital processing technique 
With the objective of a cost-effective optimisation of the BOFDA system shown in Figure 1 a measurement 
concept based on the digital signal processing to record Brillouin gain spectra has been realized as given in Figure 2. 




Fig. 2. Digital optical signal processing for measurement of distributed Brillouin gain spectra. DDS: Digital data synthesis; ADC: 
Analog-to-digital converter; DAC: Digital-to-analog converter; VGA: Variable gain amplifier. 
Hereby the modulation frequency fm from 20 kHz up to 20 MHz is generated digitally (Direct Digital Synthesis 
DDS) and lead simultaneously to the EOM 1. The backscattered light with the information about the Brillouin 
amplification along the fibre is decoupled by an optical circulator; the modulated sinusoidal signal is detected by a 
photodiode PD (see Figure 2) and limited in its bandwidth by an anti-aliasing low-pass filter. An analog-to-digital 
converter (ADC) with a sampling rate of 125 MHz converts the backscattered signal and the reference signal from 
the DDS into digital data. The data are transferred to the computer. Here the complete digital signal processing can 
be performed offline. The digital optical signal processing features following advantages compared to measurement 
process using a vector network analyser:   
● less hardware required (DDS and ADC are standard electronics devices) 
● increase of the dynamic range due to the offline signal processing 
● improvement of the data acquisition time 
3. Experimental results 
The improved BOFDA measurement system has been successfully tested in several laboratory tests. The 
characteristic coefficient of the linear dependence of the Brillouin frequency shift fB to temperature and strain could 
be quantified as 1.12 MHz/°C and 500.5 MHz/% at a wavelength of 1.55 µm (at the wavelength of the applied DFB 
laser). 
 
Fig. 3. (a) Measurement of distributed Brillouin gain spectra of a 2250 m long fibre section at 40 °C using only one laser source 
(DFB laser diode at a wavelength of 1.55 µm); (b) Distributed temperature measurement using only one laser source (Nd:YAG 
laser at a wavelength of 1.32 µm) for two fibre sections: 0-200m at 70 °C, 200-2450m at 20 °C.  
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Fig. 4. (a) Measurements of the Brillouin gain spectra on a defined strain profile applied to a single-mode silica optical fibre 
coiled up on an aluminum drum. The figure shows measurement taken by means of the sideband technique using the DFB laser; 
(b) Results from the measurements on a defined strain profile applied to a single-mode silica optical fibre coiled up on an 
aluminium drum. The broken line demonstrates results of the measurement recorded by a commercial device operating in the 
time domain and manufactured by Omnisens.The continuous line demonstrates results of the measurement recorded by means of 
the sideband technique using the DFB laser. Comparing with results recorded by the Omnisens device all fibre sections with the 
length in the range of the spatial resolution of 5m or longer are visible in the figure. 
Figure 3 presents Lorentz-shaped spatial distributed BGSs recorded along a 2250 m long fibre at 40 °C (a) and 
the shift of fB to higher values due to temperature increase (b) – see first 200 m in Figure 3 (b). 
To quantify the spatial resolution as well as the resolution of longitudinal strain in the standard optical fibre, a 
200 m fibre section with a strain profile consisting of sections with a defined strain and length has been coiled up on 
an aluminum drum with a diameter of 200 mm and a 0.5 mm grove to guide the fibre with maximum friction. 
Figure 4 (a) and (b) show that all fibre sections with the length in the range of the spatial resolution of 5 m or 
longer (according to requirements in flood protection) have been resolved. The strain values, which have been 
calculated from recorded BGSs, could be validated by measurement using a commercial device manufactured by 
Omnisens and operating in the time domain (loop configuration). Due to the higher spatial resolution of Omnisens 
device additional peaks in the range 45 m – 70 m have been resolved (0.5 m compared to the spatial resolution of 
our setup of 5 m).     
4. Conclusions 
We have presented the state of our research on a distributed strain and temperature measurements using the 
Brillouin optical-fibre frequency-domain analysis (BOFDA) over a length of several kilometers. With the objective 
of a cost-effective optimisation of the BOFDA measurement system the so-called sideband technique and a 
measurement concept based on the digital signal processing to record Brillouin gain spectra has been realized. Using 
digital processing technique it was able to avoid analog filtering by means of a cost-intensive vector network 
analyzer. Due to the offline digital signal processing the dynamic range of the measurement system has been 
improved. 
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